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Summary
Objective: Although Wnt signaling is a key regulator of the chondrocyte life cycle during embryonic development, little is known about Wnt
activity in articular cartilage. Recent studies have suggested an association between excess signaling through the canonical Wnt pathway
and osteoarthritis (OA). Genetic and in vitro studies with Drosophila have shown that signaling by the orthologous protein, Wingless (Wg),
is regulated by glycosaminoglycans (GAGs) found at the cell surface. The objective of this study was to determine whether alteration in
GAG sulfation or matrix content, such as that occurs in OA cartilage, would affect articular chondrocytes’ response to a canonical Wnt
stimulus.
Methods: Cells were isolated from shoulder joints of young calves (bovine articular chondrocytes, bACs) and from human cartilage (human
articular chondrocytes, hACs) discarded during total knee replacement for OA. Conditioned media from a cell line that is stably transfected with
Wnt3a was used as a source of Wnt protein that activates the canonical signaling pathway. Conditioned media from the parental cell line was
used as a control. b-catenin levels were measured by immunoblot. In some experiments, chondrocyte cultures were treated with sodium chlo-
rate (NaClO3) to inhibit GAG sulfation, or with chondroitinase ABC (ChABC) to digest chondroitin sulfate (CS) in the matrix.
Results: Cultured bACs showed low steady-state levels of b-catenin that increased upon stimulation with Wnt3a. A decrease in either GAG
sulfation or CS content diminished bACs’ response to Wnt3a (w40% and 37% of control, respectively). Similar effects on the response to
Wnt3a via b-catenin were observed for cultured hACs with undersulfation of GAGs (16% of control) and decreased CS content (20% of
control).
Conclusion: This study demonstrates that articular chondrocytes respond to canonical Wnt stimulation, and that reduced sulfation or CS con-
tent diminishes that response.
ª 2006 Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.
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The 19 members of the human WNT gene family encode
orthologs of the Drosophila patterning gene, wingless
(wg). Signaling pathways activated by Wnt proteins regulate
fate and function in many types of cells. During embryonic
skeletal development, several Wnts are critical for the chon-
drocyte life cycle and chondrogenesis1e3. Although the cas-
cades are complex and knowledge of the details is still
evolving4e7, both the so-called canonical and non-canoni-
cal Wnt signaling pathways clearly contribute to embryonic
chondrocyte differentiation and maturation3,8.
Subcellular localization of the b-catenin protein is pivotal
in the canonical signaling pathway (reviewed in Ref. 9). In
the absence of Wnt, b-catenin has a short half-life in the
cytosol because it is continuously targeted to the proteosome
via O-linked phosphorylation. A Wnt protein that activates
the canonical pathway triggers events that lead to inhibition
of the kinases that phosphorylate b-catenin. Without the
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Received 1 November 2005; revision accepted 9 July 2006.14signal to direct it to the proteosome, b-catenin accumulates
in the cytosol and subsequently translocates into the nu-
cleus. This is a simpliﬁed description of b-catenin’s move-
ments, because that protein functions in other pathways
besides Wnt signaling10. Nonetheless, an increase in b-cat-
enin is indicative of a canonical Wnt signaling response in
cells that have low basal levels11.
Wnt signaling via b-catenin is one of the regulatory path-
ways that control the chondrocyte life cycle during embry-
onic development (reviewed in Ref. 3). For example,
overexpression of b-catenin inhibits chondroblastic differen-
tiation of mesenchymal cells, as well as the transition of pro-
liferating chondrocytes into the pre-hypertrophic stage12,13.
Little is known about the canonical Wnt pathway in adult ar-
ticular cartilage, although increased b-catenin levels cause
cultured chondrocytes to decrease production of type II col-
lagen, aggrecan and associated glycosaminoglycans
(GAGs)14,15. The negative effect of canonical Wnt signaling
on GAG content is intriguing because loss of matrix GAGs
is an early change in osteoarthritis (OA)16,17, and because
genetic mutations in the Wnt antagonist FRZB have been
associated with increased risk of OA18e20. These observa-
tions suggest that increased canonical Wnt signaling may
contribute to cartilage degeneration. That tempting hypoth-
esis is confounded, however, by the potential for extracellu-
lar regulation of Wnt signaling by GAGs.7
148 S. Shortkroff and K. E. Yates: GAGs and Wnt signaling in chondrocytesWnts are among the heparin-binding class of growth fac-
tors, and both the mammalian Wnt1 and Drosophila Wg as-
sociate with heparan sulfate (HS) at the cell surface21e23.
Work with Drosophila demonstrates the importance of Wg/
HS interactions for signal transduction24, which is disrupted
when mutations are introduced in GAG biosynthesis25e28 or
sulfation29. The interactions with HS regulate Wnt binding to
Fzd receptors and subsequent signal transduction30.
HS may be attached as a side chain to proteoglycans
(PGs) found at the cell surface. The cell-associated PGs
may be transmembrane proteins (syndecans) or linked to
the plasma membrane via a glycosylphosphatidylinositol
anchor (glypicans) (reviewed in Ref. 31). Another HS-con-
taining PG, perlecan, is usually a component of basement
membranes but is also found in the matrix in cartilage32.
Matrix PGs generally have chondroitin/dermatan sulfate
(CS/DS) and/or keratan sulfate (KS) side chains. They are
classiﬁed as large, aggregating types such as aggrecan,
or as small leucine-rich repeat proteins such as biglycan,
decorin, and ﬁbromodulin (reviewed in Ref. 33). The major-
ity of matrix PG in cartilage is aggrecan, which contains
approximately 100 CS and KS chains per molecule34.
Cartilage also contains many small leucine-rich repeat
PGs including decorin, biglycan and ﬁbromodulin.
Although the existence of Wg/Wnt1 interactions with HS
has been well established, the role of other GAGs is less
clear. Addition of HS or GAGs with related structures can
displace Wnt from the surface of the cultured cells, suggest-
ing that there is competition with endogenous HS for bind-
ing to Wnt22,35,36. Reichsman et al. found that CS can
also displace the Drosophila Wg from the cell surface,
and that chondroitin lyase treatment reduces Wg signal-
ing21. The implication that CS regulates responses to Wnt
is intriguing in cartilage because of the changes in that ma-
trix GAG that occur with OA. The high density of ﬁxed
charges on sulfated GAGs (predominantly CS) is essential
to maintain hydrostatic pressure and tissue function. During
the development of OA, excessive matrix catabolism gives
rise to losses in GAGs from the matrix, including the major
CS-bearing regions of aggrecan16,17.
In this study, we hypothesized that changes in GAGs that
are associated with OA may affect Wnt signaling. A general
approach was ﬁrst used to test whether GAG sulfation
is necessary for articular chondrocytes to respond to a ca-
nonical Wnt signal. Sulfotransferase reactions require the ac-
tivated sulfate donor, 30-phosphoadenosine 50-phosphosulfate
(PAPS), which is generated from organic sulfate and adeno-
sine triphosphate (ATP) by the enzyme PAPS synthase37. So-
dium chlorate (NaClO3) is a competitive inhibitor of PAPS
synthase and decreases GAG sulfation without affecting
GAG synthesis, protein synthesis, or cellular prolifera-
tion38,39. Therefore, NaClO3 was used in this study to inhibit
GAG sulfation in chondrocyte cultures. Second, we investi-
gated the potential for a loss of GAG from the matrix to affect
chondrocytes’ response to Wnt. HS is found on both cell
surface and matrix PGs in cartilage; heparanse treatment
would not distinguish between these two compartments.
Therefore, chondroitinase ABC (ChABC) was used to re-
duce CS content in chondrocyte cultures prior to stimulation
with Wnt.
Materials and methods
CHONDROCYTE ISOLATION AND CULTURE
Bovine articular chondrocytes (bACs) were isolated from
fresh shoulders of young calves under aseptic conditions,as described40. Chondrocytes in the surface zone of articu-
lar cartilage have different morphology and GAG synthetic
proﬁles than cells in the middle and deeper zones; in partic-
ular, surface zone cells synthesize less of the large, aggre-
gating PGs41,42. To obtain a more homogeneous population
of chondrocytes, therefore, the articular surface was
scraped with a microscalpel to deplete the superﬁcial
surface zone cells. Cartilage fragments were sliced and
minced with a scalpel blade, placed in Ham’s F12 medium
(Invitrogen, Carlsbad, CA) containing 0.15% collagenase
(Worthington Biochemical Corp., Lakewood, NJ) and were
incubated at 37C on a rocking platform overnight. Follow-
ing ﬁltration (70 mm cell strainer, Becton Dickinson Lab-
ware, Franklin Lakes, NJ) the cells were pelleted,
resuspended in phosphate-buffered saline (PBS) and
counted.
Human articular chondrocytes (hACs) were isolated from
cartilage obtained under an Institutional Review Board-
approved protocol for discarded tissue (total knee arthro-
plasty for OA). All of these tissues showed some evidence
of wear, and histologic sections from an initial series of sam-
ples showed loss of viable cells from the superﬁcial zone (not
shown). Therefore, the surface of human cartilage samples
was not scraped. Cartilage slices were aseptically dissected
from the most normal-appearing region of the tibial plateau
and diced into 1e2 mm pieces for chondrocyte isolation.
Freshly isolated bACs and hACs were diluted in basal
media (Ham’s F12 containing 10% fetal bovine serum and
antibiotics) and were plated into 24-well plates (105 cells/
well) or 10-cm dishes (3 106 cells/dish). Media were
changed every 2e3 days and the cultures were harvested
at intervals. The viability of bACs immediately after isolation
was >90%, but viability of hACs ranged from w70 to 90%.
Therefore, hACs were cultured to conﬂuence before use to
minimize variation between human subjects. In some ex-
periments, NaClO3 (3e30 mM) was added at the start of
and throughout the culture period. Equal concentrations of
sodium chloride (NaCl) were added to control cultures. Di-
gestion of CS was accomplished by treating cultured chon-
drocytes with 0.01 unit/ml ChABC (Associates of Cape Cod,
Inc., East Falmouth, MA) prepared in serum-free media for
90 min at 37C, followed by gentle washing with serum-
free media. Control cultures were incubated with serum-
free media only.
CONDITIONED MEDIA
Mouse L and LWnt3a ﬁbroblasts were purchased from the
American Type Culture Collection (Manassas, VA) and were
cultured in Dulbecco’s Modiﬁed Eagle Medium containing
10% fetal bovine serum and antibiotics. Conditioned media
were prepared from conﬂuent cultures as directed by the
supplier. The media were centrifuged, sterilized by ﬁltration
through 0.2-mm ﬁlters, and frozen in aliquots. Conditioned
media were mixed with an equal volume of fresh basal me-
dia (1:2 dilution), except as indicated just before use. Except
for the time course experiments, all cultured chondrocytes
were exposed to conditioned media for 3 h.
CELL EXTRACTS AND IMMUNOBLOTTING
Immunoblot analysis was used to measure the effect of
conditioned media on b-catenin levels. Limited amounts of
human articular cartilage and chondrocytes are obtainable
from discarded tissues. In a series of 19 human subjects,
the average explant weight was w1.2 g and the hAC yield
was w2 106 cells/g (Yates and Shortkroff, unpublished
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so that the same method could be used to measure Wnt re-
sponses in both hAC and bAC cultures.
Two different methods were used to prepare cell samples
for immunoblotting. First, whole cell lysateswere prepared by
adding 1 NuPAGE LDS gel electrophoresis sample buffer
(Invitrogen) directly to cells cultured in 24-well plates. The
samples were mixed by pipetting, transferred to microcentri-
fuge tubes and heated to 70C for 10 min. Second, protein
extracts (total cellular or nuclear) were prepared from cells
cultured in 10-cm dishes with reagents from a commercially
available kit (Nuclear Extract Kit; Active Motif, Carlsbad,
CA). All steps were performed at 4C according to the man-
ufacturer’s instructions, and protein concentration was deter-
mined with a modiﬁed Bradford microassay43.
Immunoblots were prepared with equal volumes of whole
cell lysates (approximately 2500 or 5000 cell equivalents) or
equal quantities of protein extracts. Samples were sub-
jected to electrophoresis through NuPAGE BiseTris gradi-
ent gels (Invitrogen) and electroblotted onto positively
charged nylon membranes (Roche Molecular Biochemicals,
USA). The Western blots were blocked for 30 min in PBS
containing 3e5% nonfat dried milk, with or without addition
of 0.01% Tween-20. Primary antibodies used included
mouse monoclonal anti-b-catenin (Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA), or rabbit polyclonal anti-b-cate-
nin and anti-histone H4 (Upstate Biotechnology, Lake
Placid, NY). Immunocomplexes were visualized by en-
hanced chemiluminescence (ECL, GE Healthcare Life Sci-
ences). Digital images were acquired from ﬁlm exposures
with an Epson 1200s Scanner ﬁtted with a transparency
adapter (EPSON TWAIN, Presto! PageManager for
EPSON version 4.20.03, Long Beach, CA) and were analyzed
with Scion Image software (Scion Corporation, Frederick,
MD). Pixel density was used to measure protein levels
from ﬁlm exposures that were within the detectable range
(i.e., greater than background but not saturated). For immu-
noblots with whole cell lysates, histone H4 was used to nor-
malize b-catenin levels. The Wnt response was calculated
as the ratio of b-catenin in cells exposed to LWnt3a-condi-
tioned media to control cells exposed to L-conditioned me-
dia. In experiments with NaClO3 and ChABC, the Wnt
response was expressed as a percent of the response in
control cells cultured with NaCl or treated with serum-free
media, respectively. A minimum of three independent ex-
periments were performed for each.
DNA CONTENT
Replicate wells of cultured cells were rinsed with PBS.
One milliliter of papain digest solution, prepared by adding
1% (v/v) papain suspension (Sigma) to calcium- and magne-
sium-free PBS (Sigma) containing 5 mM cysteine and
10 mM ethylenediaminetetraacetic acid (EDTA), pH 7.4,
was added to each well. The plates were covered with Micro-
seal A ﬁlm (MJ Research, Inc., Waltham, MA) and incubated
in an oven at 60C overnight. Aliquots were taken for DNA
analysis using the Hoechst dye method and read on a ﬂuo-
rometer. The DNA concentration was extrapolated from
a standard curve produced using calf thymus DNA (Sigma).
GAG CONTENT
An adaptation of the dimethylmethylene blue (DMMB) as-
say44 was used to measure total sulfated GAG content in
chondrocyte cultures. In brief, 25 mg of 1,9-dimethylmethy-
lene blue was dissolved in 5 ml of ethanol and taken up to1 l in 0.2% sodium formate buffer (pH 3.5). Using a multipi-
petter, 150 ml of the dye solution was dispensed into wells of
a 96-well plate that contained 50 ml of papain-digested sam-
ples. A standard curve was generated with shark cartilage
chondroitin sulfate (CS) C (Sigma) at ﬁnal concentrations
of 0.5e5 mg. The samples were read on a microplate reader
at 630 nm. Results were extrapolated from the standard
curve and calculated as mean standard error.
STATISTICAL ANALYSIS
DNA and GAG contents were compared with analysis of
variance (ANOVA) with Fisher’s post hoc test.
Results
CULTURED BACS RESPOND TO A CANONICAL WNT SIGNAL
WITH INCREASED b-CATENIN THAT TRANSLOCATES TO THE
NUCLEUS
Studies with rabbit articular chondrocytes show that the
total cellular level of b-catenin is low in primary cultures,
but is substantially increased when the cells are pas-
saged45. It was therefore necessary to characterize the be-
havior of b-catenin in cultured bACs (Fig. 1) prior to
analyzing the response to a canonical Wnt. Primary cultures
of bACs (i.e., unpassaged cells) showed a low level of total
cellular b-catenin that was increased after the cells were
passaged [Fig. 1(A)]. Similarly, nuclear extracts from pri-
mary cultures had a low level of b-catenin that increased af-
ter passaging. These results showed that some of the
increased b-catenin content in passaged cells resulted in
translocation to the nucleus. Because this could confound
the evaluation of a canonical Wnt response in passaged
cells, b-catenin expression was therefore characterized in
primary bAC cultures prior to passaging [Fig. 1(B)]. Nuclear
b-catenin levels were low in bACs during the proliferative
phase (days 3 and 5), and were not changed when the cul-
tures reached conﬂuence (day 7) or thereafter (day 13).
These results showed that, prior to passaging, the steady-
state translocation of b-catenin to the nucleus in cultured
bACs is low.
As a source of a canonical Wnt protein, conditioned me-
dia were prepared from LWnt3a cells, a mouse ﬁbroblast
cell line that is stably transfected with the Wnt3a cDNA11.
In the parental L ﬁbroblast cell line which was used to estab-
lish the LWnt3a line, total cellular and nuclear levels of
b-catenin are very low under basal conditions; exposure
to LWnt3a-conditioned media causes a dramatic increase
in b-catenin, which is indicative of the cells’ response to
Wnt3a in the conditioned media11.
Fig. 1. Measurement of b-catenin levels in unstimulated, cultured
bACs. Immunoblots were probed with anti-b-catenin antibodies.
(A) Whole cell and nuclear extracts (4 mg protein/lane) prepared
from primary, ﬁrst passage, and second passage cultures. (B) Nu-
clear extracts (5 mg/lane) prepared from primary cultures during the
proliferative phase (days 3 and 5), at conﬂuence (day 7), and post-
conﬂuence (day 13).
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conditioned media we prepared from LWnt3a cells would
stimulate a canonical Wnt response. As anticipated,
LWnt3a-conditioned media stimulated a time-dependent in-
crease in b-catenin in L cells [Fig. 2(A)] that closely resem-
bled the kinetics published by the authors who established
the LWnt3a cell line11. b-catenin was not increased in cells
exposed to control conditioned media prepared from the
parental L cell line [Fig. 2(A)]. These results veriﬁed that
the LWnt3a-conditioned media stimulated an increase in
b-catenin in target cells.
bACs’ response to a canonical Wnt stimulus was then
evaluated. As was observed in the previous experiment
(Fig. 1), the total cellular level of b-catenin was low in unsti-
mulated bACs [Fig. 2(B)]. The LWnt3a-conditioned media,
but not control L-conditioned media, stimulated a time-de-
pendent increase in b-catenin in primary cultures of bACs.
Moreover, the amount of b-catenin in bACs after 6 h expo-
sure to control conditioned media was similar to the amount
of b-catenin in unstimulated cells [Fig. 2(B)]. In a doseeres-
ponse experiment, 1:2 and 1:10 dilutions of LWnt3a-condi-
tioned media increased b-catenin levels to similar extents in
bACs (560% and 570% of control, respectively) [Fig. 2(C)].
A 1:100 dilution also increased b-catenin but to a lesser
magnitude (310% of control), and dilutions >1:100 did not
increase b-catenin. That pattern of responses to increas-
ingly diluted conditioned media was consistent with expec-
tations for a growth factor-type receptoreligand interaction,
and showed that the increased b-catenin levels were not
a nonspeciﬁc response to conditioned media. Finally, both
total cellular and nuclear b-catenin levels increased in
bACs exposed to LWnt3a-conditioned media [Fig. 2(D)].
These results conﬁrmed that b-catenin was translocated
to the nucleus in response to LWnt3a-conditioned media.
In sum, these experiments showed that an increase in
b-catenin reﬂected a response to Wnt3a in primary cultures
of bACs.
Fig. 2. b-catenin levels increase in cells exposed to LWnt3a-condi-
tioned media, but not control L-conditioned media. Immunoblots
were probed with anti-b-catenin antibodies. (A) Whole cell lysates
of L ﬁbroblasts (w2500 cells/lane) exposed to LWnt3a- (3a) or con-
trol L-conditioned media (L) for 0e5 h. (B) Whole cell lysates of
bACs cultured for 3 days before exposure to LWnt3a- and L-condi-
tioned media for 0e6 h. (C) Whole cell lysates of bACs cultured for
6 days before exposure to control L-conditioned media (1:2 dilution)
and increasing dilutions of LWnt3a-conditioned media for 3 h. The
membrane was re-probed with anti-histone H4 antibodies as a con-
trol for protein loading. (D) Whole cell and nuclear extracts from
bACs cultured for 6 days before exposure to LWnt3a- and L-condi-
tioned media for 3 h. Equal amounts of protein were loaded onto
the gel for each pair of extracts. Two different ﬁlm exposures of
the same membrane are shown.THE WNT RESPONSE IN BACS IS DEPENDENT ON SULFATED
GAGS
To evaluate the requirement for sulfated GAGs in chon-
drocytes’ response to Wnt3a, cells were cultured under con-
ditions that inhibit sulfation. Bovine chondrocytes cultured
with NaClO3 showed a dose-dependent decrease in GAG
sulfation, but not DNA content [Fig. 3(A)]. At all concentra-
tions of NaClO3 tested, the GAG:DNA ratio was signiﬁcantly
lower than under basal culture conditions (0 mm NaClO3).
In control bACs cultured with NaCl, neither sulfated GAG
nor DNA content was signiﬁcantly different from basal cul-
tures [Fig. 3(A)]. Moreover, DNA content of the control
NaCl cultures was similar to that of the NaClO3 cultures.
These results show that NaClO3 diminished GAG sulfation
without affecting the cell number.
The response to Wnt3a was measured in parallel cultures
from the same experiment. At all concentrations of NaClO3
tested, the Wnt-stimulated increase in b-catenin was less
than the 0 mM NaClO3 control [Fig. 3(B), NaClO3]. That at-
tenuation was not dose-dependent, and even the lowest
concentration of NaClO3 reduced the Wnt response to
w40% of control [Fig. 3(B), Comparison]. Those results
suggested a w65% decrease in GAG sulfation [3 mM
NaClO3, Fig. 3(A)] was sufﬁcient to diminish theWnt response.
In contrast, the response to Wnt3a was not affected in bACs
cultured with NaCl, even up to 30 mM [Fig. 3(B), NaCl and
Comparison]. In three additional, independent experiments,
bACs grown in 30 mM NaClO3 again showed an attenuated
response to Wnt3a (data not shown).
Inhibition of PAPS synthase is reversible, and GAG sulfa-
tion recovers after NaClO3 is removed from the media
39.
Because bACs are actively synthesizing and sulfating
GAGs, NaClO3 inhibition of the Wnt response should also
be reversible. To test that hypothesis, bACs were cultured
with 30 mM NaClO3 for 4 days, were fed with fresh media
containing 30 mM NaClO3 or control basal media, and
were cultured an additional day. Control cells were cultured
for 5 days without NaClO3. The response to Wnt3a in bACs
continuously exposed to NaClO3 was w40% of cells cul-
tured without NaClO3 (Fig. 4). When NaClO3-conditioned
bACs were switched to basal media for the last 24 h of
the experiment, the response to Wnt3a was fully restored
(Fig. 4). In sum, the results from this series of experiments
provide evidence that reduced sulfation of GAGs decreases
bACs’ response to a canonical Wnt stimulus.
LOSS OF CS REDUCES THE WNT RESPONSE IN BACS
Although HS is the primary GAG known to bind Wg and
regulate signaling, some evidence also implicates CS. Be-
cause CS comprises the majority of GAGs in cartilage, it
is important to determine whether that GAG is involved in
the chondrocyte Wnt response. Therefore, bACs’ response
to Wnt3a was tested under conditions that reduce CS con-
tent. Digestion of CS in conﬂuent, primary bAC cultures with
ChABC reduced sulfated GAG content to w60% of control
cultures treated with serum-free media only [Fig. 5(A)].
ChABC treatment was not expected to completely deplete
the cultures of sulfated GAGs, because there are other
GAGs present in the matrix. DNA content of bAC cultures
was not affected by ChABC; therefore, the observed reduc-
tion in sulfated GAG was not due to a loss of cells through
detachment from the culture substrate after ChABC treat-
ment. The CS-depleted cultures of bACs responded to
Wnt3a with increased b-catenin levels, but at a much lower
level (37%) than control cultures treated with serum-free
151Osteoarthritis and Cartilage Vol. 15, No. 2Fig. 3. bACs show a diminished response to Wnt3a when GAG sulfation is inhibited. (A) Sulfated GAG and DNA contents in bACs cultured for
5 days with NaClO3 or control NaCl (n¼ 6 wells). Both the GAG:DNA ratios (upper graph) and raw data (lower graph) are shown. (B) Mea-
surement of the increase in b-catenin levels in response to Wnt3a. Cells were cultured for 5 days with NaClO3 or NaCl before exposure to
conditioned media for 3 h. b-catenin levels were measured on immunoblots of whole cell lysates and were normalized to histone H4. Two
different ﬁlm exposures are shown for the b-catenin immunoblot from the NaClO3 experiment. In the Comparison graph, the Wnt-stimulated
increase in b-catenin was calculated as the ratio of LWnt3a to L and expressed as a percent of the increase in control cells cultured in basal
media (0 mM NaClO3 or NaCl).media [Fig. 5(B)]. Similar results were obtained in a second,
independent experiment (data not shown). These results
show that bACs response to Wnt3a was diminished when
CS was reduced.
Fig. 4. Chlorate inhibition of the Wnt response is reversible. Control
bACs were cultured under basal conditions (0 mM NaClO3) for 5
days. Other bACs were cultured in media containing 30 mM
NaClO3; on day 4, the media were replaced with fresh basal media
(samples labeled 30þwash) or with fresh media that contained
30 mM NaClO3 (samples labeled 30). The cultures were simulta-
neously exposed to conditioned media for 3 h. b-catenin levels
were measured by immunoblot of whole cell lysates (upper panel)
and were normalized to histone H4 (lower panel).HUMAN ARTICULAR CHONDROCYTES’ RESPONSE TO
CANONICAL WNT IS ALSO GAG-DEPENDENT
The inﬂuence of sulfation and CS content on the Wnt re-
sponse was examined in human osteoarthritic chondro-
cytes. First, hACs from a series of ﬁve female subjects
were evaluated for the ability to respond to Wnt3a. Cultured
cells all showed an increase in total cellular b-catenin
(410% 110 of control) after exposure to Wnt3a for 3 h.
As was observed with bovine cells, hACs’ response to
Wnt3a was attenuated when GAG sulfation was inhibited
by culturing in 30 mM NaClO3 [15% of control, Fig. 6(A)]
and when CS was depleted by ChABC digestion [40% of
control, Fig. 6(B)].
Fig. 5. bACs show a diminished response to Wnt3a when CS is de-
pleted. bACs were cultured for 11 days prior to digestion with
ChABC or control serum-free media. (A) Sulfated GAG and DNA
contents (n ¼ 6 wells). (B) Anti-b-catenin immunoblot of bACs
exposed to LWnt3a- and L-conditioned media for 3 h.
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The mechanical properties of articular cartilage that en-
able essentially frictionless movement depend on a unique
extracellular matrix. Large PGs with sulfated GAG side
chains interdigitate through a collagen network that re-
strains swelling of the hydrophilic GAGs. The resultant hy-
drostatic pressure gives cartilage the resilience to bear
loads. In OA, changes in the cartilage matrix that compro-
mise its unique biomechanical properties ultimately lead
to mechanical failure. Early degenerative changes include
loss16,17 and altered sulfation46 of GAG side chains. The
high density of ﬁxed charges from sulfated GAGs is essen-
tial to maintain hydrostatic pressure. Loss of GAGs results
in decreased hydrostatic pressure and subjects the tissue
to damaging forces. In this study, we found that alteration
of matrix GAG sulfation and content also affects articular
chondrocytes’ response to a canonical Wnt signal.
Inhibition of GAG sulfation was dose-dependent, but the
accompanying attenuation in the Wnt response was maxi-
mal even at the lowest concentration of NaClO3 that was
tested. Synthesis of the sulfate donor, PAPS, is a two-stage
reaction. The enzyme ATP sulfurylase catalyzes addition of
inorganic sulfate to ATP, creating adenosine 50-phosphosul-
fate (APS). The reaction of APS with another ATP to create
PAPS is catalyzed by APS kinase. In plants and single-cell
organisms, ATP sulfurylase and APS kinase are separate
proteins, but in animals both enzymatic activities reside
within a single protein e PAPS synthase37,47. In humans,
two PAPS synthases are encoded by separate genes,
PAPS synthase 1 (PAPSS1) and PAPSS248 (reviewed in
Ref. 47). Expression of PAPSS1 appears to be ubiquitous;
PAPSS2 is variable and is expressed at higher levels in ju-
venile cartilage than in adult cartilage49.
NaClO3 is a sulfate analog that competitively inhibits ATP
sulfurylase in bacteria50 and the ATP sulfurylase activity of
mammalian PAPS synthase38. Sulfation of PGs in chondro-
genic cultures is inhibited, but not completely prevented, by
NaClO3
51,52. Our results are consistent with those reported
levels of reduced sulfation. Sulfation is not limited to GAGs,
of course, and PAPS is the universal donor for all sulfo-
transferase reactions. Nevertheless, disruption of sulfation
and PAPS biosynthetic pathways manifests primarily in
the skeleton. The underlying genetic mutation in the brachy-
morphic mouse resides in a PAPS synthase gene53. Of
note, CS is markedly under-sulfated in those mice54. In hu-
mans, genetic mutations that disrupt sulfation result in os-
teochondrodysplasia achondrogenesis55, and a mutation
that introduces a premature stop codon in PAPSS1 causes
Fig. 6. Human articular chondrocytes’ response to Wnt3a is dimin-
ished by inhibiting GAG sulfation or reducing CS content. Cultured
cells were stimulated with conditioned media for 3 h. Immunoblots
of whole cell lysates were probed with anti-b-catenin and anti-his-
tone H4 (H4) antibodies. (A) Cells from a 58-year-old woman
were cultured for 5 days in media with or without 30 mM NaClO3
prior to exposure to conditioned media for 3 h. (B) Cells from
a 78-year-old man were cultured for 10 days, digested with ChABC,
and exposed to conditioned media for 3 h.a spondyloepimetaphyseal dysplasia56. Thus, cartilage ap-
pears to be particularly sensitive to altered sulfate
synthesis.
CS oligosaccharides display heterogeneity in sulfation
and epimerization to uronic acid. Type A (CSA) contains
a high degree of 4-sulfated disaccharide units, and type C
(CSC) contains 6-sulfated disaccharides. Chondroitin sul-
fate type B (CSB), also known as dermatan sulfate, con-
tains iduronate. The commercially available ChABC
preparation used in this study contains enzymes that digest
CSA, CSB, as well as CSC oligosaccharides. Kinetic anal-
yses show that depolymerization of CS oligosaccharides is
complete or close to it after 60 min digestion, and that the
enzymes have no activity on KS, HS, or heparin sub-
strates57. Therefore, our results strongly support the conclu-
sion that the loss of GAG and accompanying reduction in
Wnt response is due to the loss of CS.
Wnt interactions with HS are the best-characterized, but
published data suggest that other GAGs also have the ca-
pacity to bind Wnts22,35,36. Reichsman et al. found that
digestion of matrix GAGs (with ChABC) reduces Wg
signaling by 50% in insect cells; and inhibiting GAG sulfa-
tion (with NaClO3) reduces Wg signaling >90%
21. Because
CS is found on matrix proteins such as aggrecan, biglycan,
and decorin, the mechanism by which this GAG regulates
the Wnt response may differ from that of HS, which has
been shown to regulate Wnt binding to Fzd receptors at
the cell surface30.
Recent studies have suggested a link between canonical
Wnt signaling and OA14,15,18. In vitro experiments with cul-
tured chondrocytes support the hypothesis that increased
b-catenin activity is detrimental to adult cartilage. Because
the chondrocyte phenotype is dependent on cell
shape58e60, sequential passaging of chondrocytes in mono-
layer cultures results in cellular ‘‘de-differentiation’’, deﬁned
by decreased collagen type II and PGs. Ryu et al. demon-
strated that b-catenin levels increase concurrently with de-
creased type II collagen expression in passaged juvenile
rabbit articular chondrocytes45. Moreover, chondrocyte
de-differentiation is induced under conditions that stabilize
b-catenin in cultured cells, such as blocking b-catenin deg-
radation or adding inﬂammatory cytokines or recombinant
Wnt proteins14,45. In embryonic chick chondrocytes, activa-
tion of canonical Wnt signaling via Wnt14 exposure or ex-
pressing an activated form of b-catenin diminishes GAG
accumulation61.
The Wnt antagonist, FRZB-2, has been reported to be ex-
pressed in OA chondrocytes but not in normal-appearing
tissue62. Moreover, the presence of FRZB-2 mRNA was
found to correlate with the extent of cartilage degradation.
These investigators also found evidence of apoptosis coin-
cident to FRZB-2 expression in the diseased tissue, sug-
gesting a link between canonical Wnt signaling and
apoptosis62. Wnt7a, which induces de-differentiation of
chondrocytes by activating the canonical pathway, has
been shown to inhibit nitric oxide-induced apoptosis14. It
may be that in the early stages of the disease process, ca-
nonical Wnt signaling may contribute to further degradation
by loss of GAG; in the later stages, additional Wnt antago-
nists are released that reduce signaling and induce
apoptosis.
Our results have important implications for understanding
Wnt signaling in cartilage. Changes in matrix GAG content
and sulfation may affect the balance of Wnt signaling.
Matrix breakdown products may compete with cell-associated
GAGs to bind Wnt, or Wnt may diffuse farther from the
cell as pericellular matrix GAG content decreases. Thus,
153Osteoarthritis and Cartilage Vol. 15, No. 2disease processes that lead to cartilage matrix degradation,
such as OA, may be greatly impacted by Wnt signaling
pathways. There are 19 known human Wnt proteins that
may possess distinct or redundant effects through canoni-
cal or non-canonical signaling pathways. A better under-
standing of these interactions is needed to fully appreciate
the contribution of Wnt signaling to degenerative joint
conditions.
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